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The temperature-dependent release of inorganic elements is the ﬁrst step of the main formation
pathway of particle emissions in automatically ﬁred biomass burners. To investigate this step, a resi-
dential pellet boiler with an underfeed-burner was equipped with a direct ﬁrebed cooling. This test setup
enabled decreased ﬁrebed temperatures without affecting further parameters like air ﬂow rates or ox-
ygen content in the ﬁrebed. A reduction of particle emissions in PM1-fraction at activated ﬁrebed cooling
was found by impactor measurement and by optical particle counter. The affected particles were found in
the size range <0.3 mm and have been composed mainly of potassium chloride (KCl). The chemical
analysis of PM1 and boiler ash showed no statistically signiﬁcant differences due to the ﬁrebed cooling.
Therefore, our results indicate that the direct ﬁrebed cooling inﬂuenced the release of potassium (K)
without affecting other chemical reactions.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The increased usage of solid biomass in combustion processes,
especially for residential heating purposes has been identiﬁed as
one of the main sources of particulate matter (PM) emissions across
Europe (Maenhaut et al., 2012; Kumar et al., 2013; Viana et al.,
2013). Particle emissions can be classiﬁed into organic and inor-
ganic compounds. The inorganic compounds originate from
noncombustible ash which is partly transformed to particulateSciences Rottenburg, Scha-
y.
iburg.de (M. Gehrig).
Ltd. This is an open access article umatter at combustion conditions. Organic particles arise from soot
or condensed organic gaseous compounds (e.g. hydrocarbons) and
are usually linked to poor combustion conditions (Schmidl et al.,
2011; Lamberg et al., 2011; Fernandes and Costa, 2013). A high
share of inorganic particles (>90%) and predominantly
particles < 1 mm aerodynamic diameter (¼PM1) are typical for fully
automated ﬁring systems like wood pellet or wood chip boilers
(Johansson et al., 2004; Schmidl et al., 2011; Fernandes and Costa,
2013; Kortelainen et al., 2015). The dominating elements of inor-
ganic particles are K, Na, S, Cl and Zn (van Lith et al., 2008;
Fernandes and Costa, 2013; Lamberg et al., 2013). Especially po-
tassium (K) is considered to be the key component of PM from
woody biomass combustion and its temperature-dependent
release to the gas phase is well described in many publicationsnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Physical fuel parameters (all speciﬁcations are mean values of n ¼ 3 samples).
Parameter/standard
Diameter
EN 16127:2012 6 mm
Bulk density
EN 15103:2009 678 kg/m3
Moisture content
EN 14774e2:2009 7.2 wt%
Caloriﬁc value (qp,net,d)




Ash content (at 550 C)
EN 14775:2009 0.52 wt% d.b.
Table 2
Chemical analysis of fuel (all speciﬁcations are mean values with standard deviation
of n ¼ 3 samples, at dry fuel base).
Element Method
C 507 g/kg EN 15 104:2011
H 60 g/kg EN 15 104:2011
N 3.9 g/kg EN 15 104:2011
O 424 g/kg Calculated by difference
P 264 ± 32 mg/kg EN ISO 11 885:2009
S 60 ± 5 mg/kg EN ISO 11 885:2009
Cl 132 ± 30 mg/kg EN ISO 15 682:2001
Na <7.5 mg/kg EN ISO 11 885:2009
Mg 118 ± 6 mg/kg EN ISO 11 885:2009
K 621 ± 16 mg/kg EN ISO 11 885:2009
Ca 889 ± 27 mg/kg EN ISO 11 885:2009
Mn 86 ± 3 mg/kg EN ISO 11 885:2009
Fe 55 ± 9 mg/kg EN ISO 11 885:2009
Cu <1.2 mg/kg EN ISO 11 885:2009
Zn <0.8 mg/kg EN ISO 11 885:2009
Cd <1.4 mg/kg EN ISO 11 885:2009
Pb <0.06 mg/kg EN ISO 11 885:2009
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process can be simpliﬁed in four steps as follows (Davidsson et al.,
2002; Wiinikka et al., 2007; Sippula et al., 2008; Fernandes and
Costa, 2013):
I Evaporation in the ﬁrebed
II Chemical reactions in the gas phase
III Heterogeneous or homogeneous condensation during
cooling
IV Agglomeration of particles
The relevant chemical gas phase reactions of potassium (K) to
particulate matter are simpliﬁed by the equations below. Potassium
hydroxide (KOH) is assumed to be the released potassium com-
pound from the fuel to the gas-phase (Glarborg andMarshall, 2005;
Sippula et al., 2008; Hindiyarti et al., 2008; Li et al., 2013).
KOH þ HCl/KClþ H2O (1)
2KOH þ SO2 þ 1 =2O2/K2SO4 þ H2O (2)
The temperature-dependent release of particle forming ele-
ments leads to several concepts of a reduced ﬁrebed temperature
aiming at a reduction of PM-emissions. These methods can be
summarized by the following approaches: a) exhaust gas recircu-
lation, b) staged combustion and c) low primary excess air (Yin
et al., 2008; Houshfar et al., 2012; Nunes et al., 2014; Kortelainen
et al., 2015). While exhaust gas recirculation is mainly used in
medium to large scale biomass combustion, staged combustion in
combination with low primary excess air is state-of-the-art in
small-scale biomass combustion. All of these measures are com-
mon to inﬂuence the ﬁrebed temperature by means of a reduced
oxygen content and therefore a slowed down combustion process
with decreased temperatures in the ﬁrebed. Since the air mass ﬂow
(e.g. low primary air) or the oxygen content (e.g. exhaust gas
recirculation) are affected by these measures it is difﬁcult to clearly
differentiate related effects from those affected by lowered ﬁrebed
temperatures. Furthermore, PM reduction by decreased ﬁrebed
temperatures works only in combustion systems with a good
burnout and low organic emissions.
The possible impact of the oxygen content inside the ﬁrebed on
the release of particle precursors is described by Nussbaumer
(2003) and Carroll et al. (2015). Nussbaumer (2003) states lower
melting points of oxidized potassium salts in the ﬁrebed at high
primary air as the relevant mechanism and describes a connection
between primary air and particle emissions.
For a better understanding of these effects a ﬁrebed cooling
similar to a water-cooled grate was developed to investigate the
effect of ﬁrebed temperature on particle emissions without
affecting air mass ﬂow and/or oxygen content. Thus, the applied
direct ﬁrebed cooling allowed for an exclusive analysis of decreased
ﬁrebed temperatures in a residential biomass boiler with respect to
the release of particulatematter. Important combustion parameters
like excess air (l), primary air, air mass ﬂow rates and oxygen
content in the ﬁrebed were kept at constant levels during the test
runs at full load. A description of the test setup and a detailed study
of the ﬁrebed cooling, temperature measurements, gaseous emis-
sions and particle emissions (TSP ¼ total suspended particles) can
be found in a previous work (Gehrig et al., 2015). It was shown, that
the ﬁrebed cooling can decrease the TSP statistically signiﬁcant by
about 17 wt%, accompanied by a statistically signiﬁcant increase of
gaseous HCl.
The objectives of this study included an investigation of the
inﬂuence of ﬁrebed temperature (i) on particle emissions under
real combustion conditions, (ii) on the chemical composition ofemitted particles as well as boiler ash and (iii) on the release of
particle precursors, as well as on particle formation process in
general.
2. Materials and methods
2.1. Test fuel
The used test fuel were wood pellets according EN
14961e2:2011 in A2-Quality (Table 1). A chemical analysis of the
wood pellets can be found in Table 2.
2.2. Pellet boiler and ﬁrebed cooling
The used pellet boiler (KWB, Easyﬁre), a small-scale residential
pellet furnace for hot water generation and central heating systems
(classiﬁed according to EN 303e5:1999), had a thermal output of
12 kW using the combustion technology of an underfeed-burner
with a staged combustion. The boiler was running 90 min at
full load prior starting measurements to realize thermal equilib-
rium. The return ﬂowwas 59 ± 1 C, cooled by a cooling unit and an
interconnected heat storage (V ¼ 0.3 m3) (Fig. 1). Details of the
operating parameters are listed in Table 3. The applied measures
allowed for constant and repeatable test conditions. The ﬁrebed
cooling was realized by awater pipe welded underneath the burner
plate. Details on the realization and function of the cooling and
modiﬁcations made can be found in Gehrig et al. (2015). The ex-
periments were done with ﬁrebed cooling (cooling ON) or without
M. Gehrig et al. / Atmospheric Environment 136 (2016) 61e67 63it (cooling OFF).
2.3. Gaseous emission measurement
A Gasmet CX 4000 FT-IR was used to analyse gaseous emissions
in combination with an ABB EL 3020 (Magnos 206) for oxygen
online-measurement. Results of gaseous emission measurement of
CO, CO2, O2, SO2, NOx, HCl and Benzene and the inﬂuence of the
ﬁrebed cooling can be found in Gehrig et al., 2015. In the present
work the oxygen content and H2O was considered for calculating
particle emissions on the base of 13% O2 and dry base during a
measurement period.
2.4. Particle measurement
The used cascade impactor was a three stage impactor (PM10
Impactor, Dekati, Table 4) and sampling was done according to VDI
2066e5:1994e11, which speciﬁes the particle size selective mea-
surement by impaction method. The impactor had cut points at 10,
2.5 and 1mm and PM1-fraction was collected at a 47 mm back-up
ﬁlter stage equipped with Tissuquartz ﬁlters (2500 QAT-UP, Pall).
In preparation of the measurement the collection plates and the
back-up ﬁlter were thermally treated at 180 C (for 1 h) and cooled
down in a desiccator before being weighed. The desiccator and the
balance (Sartorius CPA 124S, readability 0.1 mg) were used in a
temperature-controlled room at 20 C. Collection plates were
covered with aluminium foil greased with Apiezon-L and
measuring time was 3 h for sampling a sufﬁcient particle mass forTable 3
Operating parameters of the boiler.
Parameter Cooling OFF Cooling ON
Average thermal output 11.1 kW 10.6 kW
Fuel mass ﬂow _mfuel 2.6 kg/h 2.6 kg/h
Air excess ratio (l) 1.8e1.9 1.8e1.9
Chimney draught 12 ± 2 Pa 12 ± 2 Pa



















Fig. 1. Schematic drawing of the test setup.mass analysis. The volume ﬂow of the impactor was 10 l per minute
and isokinetic sampling was realized using a 16 mm nozzle. The
impactor was heated by external heating to 120 C ± 10 C during
sampling enabling isothermal conditions during particle sampling.
After measurement the ﬁlter and collection plates were dried at
120 C for 1 h and cooled down again in a desiccator with silica gel
at absolutely dry conditions for at least 3 h before weighing. Every
impactor stage was weighed three times before and after sampling.
The difference of these values was the net mass of the relevant
particle class. The net mass was converted to mg/m3 at standard
temperature and pressure (STP, 273 K and 101.325 kPa) with a
reference oxygen at 13 vol% and at dry base (d.b.). Sample size was
n ¼ 5 per cooling condition.
A more detailed view on PSD (Particle size distribution) was
enabled by an optical particle counter (OPC). The used OPC was a
PalasWelas digital 2000 H in combinationwith awelas 2070 sensor
and a heatable dilution system KHG-2010 (Table 4). The sensor and
the ejector dilution system were heated up to 120 C for enabling
isothermal conditions during particle sampling, again. The dilution
factor was 1:10 and the ﬂow inside the sensor was 5 l/min. The
sensor was calibrated with monodisperse Caldust 1100 (Latex
powder, provided by the OPC manufacturer). Measurement range
of the sensor was set from 0.15 to 10 mm and sampling time was
10 min allowing for a sufﬁcient number of particles for each mea-
surement (one measurement with and one without ﬁrebed
cooling).
2.5. Boiler ash sampling
A glass beaker below the underfeed-burner was used for sam-
pling boiler ash simultaneously with impactor measurement. The
boiler ashwas dried for 1 h after sampling at 105 C in a drying oven
and cooled down in a desiccator before being stored sealed. The
dried samples were crushed manually with a mortar before further
chemical analysis.
2.6. Chemical analysis
The analysis of fuel for Carbon (C), Hydrogen (H) and Nitrogen
(N) was done according EN 15104:2011 (n ¼ 3). Moreover, fuel
samples were dissolved by microwave digestion for wet-chemical
analysis. The three-step microwave digestion with Anton Paar
Multiwave GO was done with (1) 10 ml HNO3 (65%), (2) 1 ml HF
(50%) and (3) 8 ml H3BO3 (6%, supersaturated) per 400 mg fuel
sample. Three samples were prepared andmeasured three times by
inductively coupled plasma optical emission spectrometry (ICP-
OES) (Spectroblue TI, Spectro) according EN ISO 11885:2009 for the
desired elements (P, S, Na, Mg, K, Ca, Fe, Cu, Zn, Cd, Pb). The mean
values with standard deviation of that n ¼ 3  3 measurements are
listed in Table 2.
Chloride was determined by Photometer (photoLab 6600 UV-
VIS, WTW) at 470 nm based on EN ISO 15682:2001. The sample
preparation was done by microwave digestion in a single step with
400 mg fuel and 12 ml HNO3 (65%).
Boiler ash samples (100 mg each) were digested similar to the
fuel samples with (1) 9 ml HNO3 (65%) plus 1 ml H2O2 (30%), (2)
1 ml HF (50%) and (3) 8 ml H3BO3 (6%, supersaturated) for ICP-OES
analysis. Chloride was determined from microwave digestion with
9 ml HNO3 plus 1 ml H2O2 per 100 mg ash sample. Five samples
with and ﬁve samples without ﬁrebed cooling were analysed by
ICP-OES respectively Photometer.
The PM1 back-up ﬁlters were analysed by X-ray diffraction
(XRD) with a subsequent microwave digestion and wet-chemical
analysis. The XRD was a Siemens D500/501 equipped with Cu-
ceramic tube (Type K FL Cu 2K) and 1 2Q/min. Microwave
Table 4
Overview of particle measurement.
Measurement device Range Principle Flow rate
Optical particle counter (OPC) 0.15e10 mm (117 size channels) White-light aerosol spectrometer 5 l/min




M. Gehrig et al. / Atmospheric Environment 136 (2016) 61e6764digestion of PM1-Filters was done in a single step with 10 ml HNO3
(65%) per back-up ﬁlter before ICP-OES and Photometer analysis.
The sample size was n ¼ 5 for each cooling condition.2.7. Statistical methods
Student’s t-test was used to determine statistical differences
between means of chemical results and analysis of impactor mea-
surements with and without ﬁrebed cooling. The conﬁdence in-
terval was determined as a ¼ 0.05.3. Results
3.1. Particle size distribution PSD
The particle size distribution was determined by cascade
impactor and OPC. A not statistically signiﬁcant (p ¼ 0.56) decrease
of particle mass of in average 14 wt% in PM1-fraction at activated
ﬁrebed cooling was found (Fig. 2) by cascade impactor. The masses
of PM2.5, PM10 and >PM10 have been nearly at the detection limit of
the used balance (<1 mg net mass).
OPC measurement showed a particle size distribution with
unimodal distribution and a peak at 0.2 mm for both cooling con-
ditions. The total particle number during a measurement of exactly
10 min decreased considerably from 11.706 (cooling OFF) to 5.006






















































OFF (n=5) ON (n=5)
Fig. 2. PM1-masses from 3-stage cascade impactor, comparison ofmean values (n¼ 5) by
box plot’s with whiskers and outliers (circle) for ﬁrebed cooling conditions ON and OFF.3.2. Chemical composition of PM1-fraction
The chemical elements of PM1 identiﬁed by ICP-OES and
Photometer are shown in Fig. 4. There are no statistically signiﬁcant
differences in the chemical composition of PM1 with or without the
ﬁrebed cooling. At activated ﬁrebed cooling Cl slightly increases
and K slightly decreases.
The XRD-Analysis generated information about the chemical
compounds of the collected particulatematter. The dominating and
only identiﬁable compound by XRD is KCl in the PM1-fraction,
irrespective from the ﬁrebed cooling condition (Fig. 5). This result
correlates with ICP-OES and Photometer results, identifying K and
Cl as the main particle components (Fig. 4).
3.3. Chemical composition of boiler ash
The differences in chemical analysis of the boiler ash between
the two ﬁrebed cooling conditions can not be conﬁrmed by sta-
tistical tests. A minor change can be found for potassium (K), which
increased slightly at activated cooling (Fig. 6).
4. Discussion
The measurement by cascade impactor conﬁrms the typical
particle size distribution of particulate matter by biomass com-
bustion, with the majority of the particle mass in the PM1 class and
corresponds with current publications (Johansson et al., 2004;
Wiinikka et al., 2007; Fernandes and Costa, 2013; Torvela et al.,




















cooling OFF (N_total = 11.706)
cooling ON   (N_total =   5.006)
Fig. 3. Lognormal particle distribution from OPC with cooling conditions ON and OFF
(at 13% O2) with total particle number (N_total) during 10 min measurements.




























Fig. 4. Chemical analysis of PM1, mean of n ¼ 5 for each cooling condition, error bars
indicate ±2se (standard error).





























Fig. 6. Chemical analysis of boiler ash, mean of n ¼ 5 for each cooling condition, error
bars indicate ±2se (standard error).
M. Gehrig et al. / Atmospheric Environment 136 (2016) 61e67 65signiﬁcant, but agrees with statistically highly signiﬁcant results of
TSP measurement (17 wt%) of a previous study with the same test
conditions (Gehrig et al., 2015) and a much higher number of
repetitions (n ¼ 27 per cooling condition). Based on the generally
approved temperature-dependent release of potassium and an
assumed inﬂuence of the ﬁrebed cooling on this speciﬁc interac-

































Fig. 5. XRD-Analysis: a) without ﬁrebepresent in the PM1-fraction.
The chemical composition of PM1 showed no signiﬁcant differ-
ences at activated ﬁrebed cooling, but a tendency to a lower po-
tassium and higher chlorine content at activated cooling can be
observed (Fig. 4). The retention of K in the ﬁrebed with a statisti-
cally signiﬁcant increase of gaseous HCl (Gehrig et al., 2015) at
activated ﬁrebed cooling seems to inﬂuence the chemical compo-




d cooling; b) with ﬁrebed cooling.
M. Gehrig et al. / Atmospheric Environment 136 (2016) 61e6766reacting to potassium chloride, detected by XRD and conﬁrmed by
ICP-OES analysis. This result is in line with Bostr€om et al. (2012)
who found mainly alkali sulfates and KCl by XRD in sub-micron
particles emitted from different biomass combustion devices.
Furthermore, these results agree with Fernandes and Costa (2013),
who identiﬁed potassium and chlorides as the main compounds in
PM1-fraction from pine pellet combustion in a 22 kW residential
pellet boiler.
There are some studies available on the detailed gas-phase re-
actions of potassium before particle formation (Glarborg and
Marshall, 2005; Hindiyarti et al., 2008; Sippula et al., 2008; Li
et al., 2013), but there was no study found dealing with a
decreased potassium amount in the gas-phase and the conse-
quences on particle formation as on gaseous HCl. The gas-phase
reactions of K and Cl seem to be independent from the ﬁrebed
cooling and KCl is likely the preferred product by the involved
chemical elements. The reaction kinetics of K in the gas-phase are
described by an Arrhenius approach by Glarborg and Marshall
(2005), who found on average faster reactions for KCl-formation
(A  1.0E14) than for other reactions like K2SO4 (A  1.0E14) and
could be an explanation of the preferred KCl-formation.
OPC measurement conﬁrmed the decreased particle number
emissions at activated cooling. At both cooling conditions a unim-
odal distribution with a dominating peak at 0.2 mm can be identi-
ﬁed, correlating with the ﬁndings of wood combustion in similar
works (Fernandes and Costa, 2013; Torvela et al., 2014; Kortelainen
et al., 2015). The OPCwas not able tomeasure particles smaller than
0.15 mm and we have no evidence if the peak at 0.2 mm was
completely recorded by the OPC. However, for a comparison of the
two cooling conditions and the inﬂuence on total particle number
within a constant period of time, this measurement was suitable
and enables a much deeper understanding than impactor or TSP
measurements. In summary, the decrease of TSP found in a previ-
ous work (Gehrig et al., 2015) can be conﬁrmed and speciﬁed by
this work as a reduction of particles < 0.3 mm.
The chemical analysis of boiler ash showed a slight but statis-
tically not signiﬁcant increase of K at activated ﬁrebed cooling. We
conclude this increase indicates a retention of K in the ﬁrebed at
activated ﬁrebed cooling as discussed above. In general, a retention
of K in the ash was investigated with other approaches before and
lead to similar results. Lamberg et al. (2013) added peat to woody
biomass in a 25 kW pellet boiler and found decreased PM-
emissions, but also an increase of gaseous HCl and additionally
SO2. Kaolin as a aluminium-silicate (Al4[(OH)8|Si4O10]) has a similar
mode of action like peat and is described detailed by several au-
thors (B€afver et al., 2009; Steenari and Karlfeldt Fedje, 2010;
Sommersacher et al., 2013). Both methods add Si to the fuel and
inﬂuence the chemical reactions in the ﬁrebed, with a preferred
formation of K to non-volatile potassium-silicates in the ﬁrebed
respectively the boiler ash. These approaches are leading to a
retention of K in the ﬁrebed, too. Although they are based on
different reaction patterns they also result in higher gaseous HCl
and decreased PM-emissions. A shift from particulate bounded Cl
to gaseous HCl can be assumed at activated ﬁrebed cooling with a
concurrent retention of K in the ash.
The introductory described ﬁndings on the inﬂuence of the
oxygen content inside the ﬁrebed (Nussbaumer, 2003) on the
release of particle forming elements can not be conﬁrmed as a
relevant effect. During all test runs the excess air and air ﬂows in-
side the ﬁrebed and the combustion zone remained unchanged,
suggesting that the recognized decreased particle numbers were
solely affected by a decreased ﬁrebed temperature. The effect of
excess air and air ﬂow on particulate matter emissions are probably
related to high amounts of excess air causing intensiﬁed combus-
tion reactions inside the ﬁrebed and therefore increased ﬁrebedtemperatures, causing increased particle emissions. On the con-
trary, a low primary air might lead to decreased ﬁrebed tempera-
tures and a retention of inorganic particles in the ﬁrebed in
residential pellet boilers.
5. Conclusion
The inﬂuence of ﬁrebed temperature on particle emissions in a
residential pellet boiler at steady-state was investigated in this
study. Decreased ﬁrebed temperatures were conﬁrmed as a possi-
bility to inﬂuence the temperature-dependent release of particle
forming elements under real combustion conditions by impactor
and OPC measurements. The chemical elements inﬂuenced by the
decreased ﬁrebed temperature were related in the PM1-fraction
and potassium was the decisive element. However, the identiﬁed
changes in chemical compositions were not statistically signiﬁcant
and, from this perspective, we cannot state any inﬂuence of a direct
ﬁrebed cooling on the chemical composition of boiler ash or PM1. In
conclusion, a direct ﬁrebed cooling is applicable in residential
biomass combustion as primary method for a reduction of particle
emissions. The sole inﬂuence is a retention of K in the ﬁrebed and a
shift from particle bound chlorine from probably KCl to gaseous
HCl. Increasing gaseous HCl have to be mentioned regarding the
corrosivity of ﬂue gas and should be considered as an increasing
pollutant, when considering the concept of reduced ﬁrebed tem-
peratures in biomass combustion more frequently in the future. It
will be an issue of future studies to verify these results by different
fuels and to investigate the impact of increased gaseous HCl in the
ﬂue gas on corrosivity in exhaust systems as well as on secondary
aerosols in the atmosphere.
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